Abstract
Introduction

37
Microalgae represent a highly diverse assemblage of photosynthetic microorganisms found over 38 a wide range of environmental habitats, from fresh water through to hyper saline, and spanning a 39 wide range of both temperature and pH tolerances [1, 2] . Containing both eukaryotic and 40 prokaryotic (cyanobacteria) members, the general term 'microalgae' is used here to encapsulate 41 this broad grouping of photosynthetic microorganisms with their diverse metabolic potential and 42 function.
43
Production of microalgal biomass does not require high quality land resources, as is the case of 44 plant crops, and in comparison to large scale fermentation vessel grown yeast or bacteria, these 45 photosynthetic microorganisms have low input requirements (light and micronutrients) whilst 46 producing large amounts of biomass over short periods of time [3] . Microalgae culturing has a 47 significant requirement for water resources which are often scarce. However many species can To begin with, it is important to define exactly what is meant by the term 'Genetic Modification'.
94
The term genetically modified organism (GMO) is used to refer to any microorganism, plant, or 95 animal in which genetic engineering techniques have been used to introduce, remove, or modify 96 specific parts of its genome. It should be noted however that techniques that replicate naturally 97 occurring phenomenon such as random mutagenesis are not generally considered to result in 98 GMOs under European guidelines and are therefore not subject to GM control measures or 99 legislation [12] . Indeed, it is worthy of note that more than 2,500 plant varieties in 175 plant 100 species, both crop and decorative, have been created by random mutagenesis and released 101 without fanfare into the environment over the past 75 years [13] .
102
There are many strategies for enhancing algal phenotypes, including random mutagenesis, example, is the algae of choice a native or wild-type to the area in which it will be cultivated, or 227 is it considered a biosecurity hazard in certain environments or conditions? Non-GM algae 228 discharged in to a non-native area could be just as much of a risk to the environment in the event
229
of a release as any GM traits, and possibly more so if the GM algae are designed to be less 230 competitive in natural ecosystems.
231
Choice of Microalgae
232
Since most GM modifications are built on the back of the natural algal metabolic potential,
233
choice of species will be largely dependent on these base algae traits (e.g. oleaginous, high Parasites and predators such as fungi, protozoans, viruses or aquatic invertebrates [36, 37] will 267 reduce productivity by consuming or killing the microalgae crop, and invasion by other algae 268 could affect productivity by outcompeting the GM strain.
269
Approaches to mitigate crop losses could include identifying strains resistant to pathogens, or 270 even using GM technologies to engineer specific pest resistance into production species. Given 
275
The use of extremophile algae, tolerant to high or low temperature, pH or salinity gives a boost 
Traits of Genetically Modified Microalgae
293
Targeted genetic modification is undertaken to enhance, redirect or reduce the production of 294 enzymes or metabolites. Table 1 provides a brief overview of some of the ways in which 295 researchers have already genetically modified algae with commercial exploitation in mind. environmental microorganisms should they be transferred via HGT will need to be considered.
305
The potential adverse environmental consequences of GM algae will be intrinsically linked to 306 how the organism has been modified [25] . In addition, many GM techniques use the transfer of 307 selective or marker genes in addition to the main transgene, and as such the risks and impact 308 posed by these peripheral heterologous genes will also need to be considered (see below).
309
Information on the safety of the GM algae should also be sought, partially regarding any toxic, 310 allergenic or other harmful effects arising from the genetic modification, especially where the 311 algae or algae product would be destined for the food feed or pharmaceutical sectors. There are two types of 'marker' genes used during genetic modification of algae: genes which 316 confer resistance to a selective agent; and reporter genes which produce products that can be [44] . Whilst this report was specifically with reference to GM plants, it is 348 also directly applicable to the use of resistance genes in GM algae. EFSA concluded that each 349 antibiotic resistance gene should be assigned to one of three groups (see Table 2 ). 
366
The choice of antibiotic selection for genetically modified microalgae is not straight forward and 
Nutritional Selection
433
Genetic modification can be used to create knock-out strains where one or more genes encoding More common is the widespread occurrence of HGT involving bacteria and viruses, the most 476 prominent example of which is the rapid spread of antibiotic resistance genes amongst 477 pathogenic bacteria.
478
In order for viral genes and proteins to function correctly inside their hosts they must be suitably 
506
The ecological relationship between the donor and the recipient is a particularly important 507 consideration; microalgae often grow as a consortium of microorganisms in a symbiotic 508 relationship and indeed many algae do not thrive when grown axenically. This is due to the fact 509 that the majority of microalgae species lack the ability to synthesise their own B vitamins.
510
Instead B vitamins produced by the associated bacterial consortia are used by the alga, and in a 511 symbiotic relationship the bacteria appear to be able to use the carbon products of algal 512 photosynthesis for their own growth [62, 63] . On an industrial scale it is unlikely that any algae 513 could be grown truly axenically. The presence of other microorganisms and their close 514 association in the growth matrix, will therefore increase the chances of HGT, but it will not be 515 possible to determine the relative increase when compared to an axenic culture and so the focus 516 of the ERA should be on potential impacts.
517
The occurrence of HGT events will result in a secondary "GMO" which may give rise to adverse measures for an open pond setting, the potential for GMO release is much higher due to aerosol 538 dispersal, spillage, leakage, and vectors such as birds, insects and other animals (including 539 humans).
540
The types of growth facility available are many and varied and the choice of which is utilised 541 will depend on available infrastructure and resources, and the type of GM algae to be grown.
542
In addition to the type of growth facility used, the materials used in the facility construction will 543 also play a role, not only in economic productivity/losses, but also in the overall biosecurity and 544 will need to be factored into the risk assessment process. For example in a large scale pond 545 facility the pond wall structure is one of the most costly elements of the set up but is also 546 important in determining the levels of environmental exposure through leakage. As such 547 assessing the available materials (such as clay, concrete, asphalt, fiberglass, rubber, high-density 548 polyethylene) early on will enable an informed choice of material which achieves an appropriate 549 balance between initial costs, facility longevity, and overall suitability for algal growth and 550 containment.
551
Large-scale cultivation of GM algae and extraction of derived products will require operations in 552 accordance with good manufacturing practice. This can lead to a conflict between the measures 553 designed to protect the operator and the environment and those designed to protect the product
554
[65] and as such a balance must be struck to ensure protection of the environment and human 555 health are not compromised.
556
Where high-value low-volume products such as nutraceuticals or pharmaceutical grade products 557 are to be produced, high levels of production control will be required to ensure consistency, 558 minimise levels of impurity's and maintain maximal productivity. In such instances the use of 559 closed photobioreactors would be most appropriate. These units also carry the lowest risk of 560 unintended release of the GM algae.
561
The majority of large scale manufacturing facilities involving GMOs in the UK operate in 
Environmental Exposure
587
There are a variety of mechanisms by which GM algae may become released into the 588 environment during their production, processing and disposal, as well as their growth media.
589
Release of GMOs into the environment can fall into two basic categories: deliberate and 590 accidental, and measures should be taken to minimise unwanted releases and to manage their 591 environmental impact if an event takes place.
593
Unintended Releases: Containment failure, system leaks, release during transport and 594 sterilisation failure prior to disposal would all be considered accidental or unintended releases.
595
Leaks from a bioreactor could lead to a significant algal release and containment measures 596 should be considered to contain any such leaks so escaped algae do not disperse into the 597 surrounding environment. This often involves forms of bunding, with bunded areas treated 598 periodically to destroy residual algae.
599
Harvesting will involve the processing of large volumes of liquid including the transfer from the 600 growth reactor to dewatering systems and then on to the product extraction system. At this stage 601 leakage and spillage are almost inevitable. The water recovered during dewatering will need to 602 be fed directly back into the growth reactor with additional nutrients, or processed to ensure any 603 surviving algae and pathogens are rendered non -viable prior to disposal of the water. Failure of 604 waste water treatment could lead to significant algal release directly into habitable environments.
605
Consideration should also be given as to how and where the GM algal biomass will be 606 processed. For example, will it need to be transported off site to a processing plant and if so will 607 the material need to be transported wet or dried, and will it be rendered non-viable before 
620
For very low level contamination of waste water, the use of filtration and UV light treatment can 621 be very effective. However, microalgae are incredibly diverse and the resistance of some algae to 622 UV radiation and other treatment technologies can be significantly higher than that of others. In 623 addition high population loadings can cause significant reductions in efficacy, e.g. for UV 624 irradiation, as partial shading reduces effectiveness.
625
As with UV, not all organisms can be killed effectively with chemicals such as chlorine and if 626 chemical sterilisation is to be used the efficacy will need to be validated and monitored. Enhanced Biomass productivity (shade effects and photosynthetic ability) 678 The density of algae that can be grown in PBRs is invariably affected by the levels of light 679 received and ultimately self-shading by the growing culture, which limits the overall density that 680 can be achieved [78] . Improving biomass production can be achieved via a reduction in cellular 
Conclusions and recommendations
724
In preparing a risk assessment and process design for large scale production of GM algae we 725 advocate that a common sense and precautionary approach should be used e.g. the use of 
